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Several factors, attributable to the ESIMS mechanism, that can affect the assumptions of the
titration method are examined: (1) The assumption that the concentrations in solution of the
protein P, the ligand L, and the complex PL are proportional to the respective ion intensities
observed with ESIMS, is examined with experiments in which ion intensities of two
non-interacting proteins are compared with the respective concentrations. The intensities are
found to be approximately proportional to the concentrations. The proportionality factors are
found to increase as the mass of the protein is decreased. Very small proteins have much
higher intensities. The results suggest that it is preferable to use only the intensity ratio of PL
and P, whose masses are very close to each other when L is small, to determine the association
constant KA in solution. (2) From the charge residue model (CRM) one expects that the solution
will experience a very large increase of concentration due to evaporation of the precursor
droplets, before the proteins P and PL are produced in the gas phase. This can shift the
equilibrium in the droplets: P  L  PL, towards PL. Analysis of the droplet evaporation
history shows that such a shift is not likely, because the time of droplet evolution is very short,
only several s, and the equilibrium relaxation time is much longer. (3) The droplet history
shows that unreacted P and L can be often present together in the same droplet. On complete
evaporation of such droplets L will land on P leading to PL and this effect will lead to values
of KA that are too high. However, it is argued that mostly accidental, weakly bonded,
complexes will form and these will dissociate in the clean up stages (heated transfer capillary
and CAD region). Thus only very small errors are expected due to this cause. (4) Some PL
complexes may have bonding that is too weak in the gas phase even though they have KA
values in solution that predict high solution PL yields. In this case the PL complexes may
decompose in the clean up stages and not be observed with sufficient intensity in the mass
spectrum. This will lead to KA values that are too low. The effect is expected for complexes that
involve significant hydrophobic interaction that leads to high stability of the complex in
solution but low stability in the gas phase. The titration method is not suited for such
systems. (J Am Soc Mass Spectrom 2004, 15, 1424–1434) © 2004 American Society for Mass
SpectrometryUnderstanding the ESI mechanism by which pro-teins or peptides are produced in the gas phaseis not necessary for many of the ESIMS protein
applications. On the other hand, studies involving non-
denatured (folded) proteins and noncovalent protein
complexes, particularly the titration method can benefit
significantly from an understanding of the process by
which the proteins in solution are converted to the
charged proteins in the gas phase.
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Recent research and reviews [7–10] dealing with the ESI
mechanism have presented very good evidence that the
small ions (such as the inorganic ions Na, NH4
, in the
positive ion mode) are produced by the ion evaporation
model (IEM) while macroions like the nondenatured
proteins are produced by the charge residue model
(CRM).
The small droplets produced at the tip of the elec-
trospray capillary are positively charged (ESI in the
positive ion mode). The charge Ze, where Z is the
number of elementary chargese, is due to an excess of
positive ions in the droplets. The ion excess is created
by an electrolytic process that takes place at the positive
electrode in the sprayed solution [11, 12]. For nano ESI,
that would be the inert Pt wire in the solution at the
spray tip or the metal coating of the spray tip when
coated tips are used. An inert electrode leads to the
formation of H3O
 ions [11, 12] when water is the major
solvent. The production of H3O
 can lead to significant
decrease of the pH of the sprayed solution as demon-
strated recently for nanospray with Pt electrodes by
Van Berkel and coworkers [12].
The excess ions are distributed near the surface of the
droplets minimizing thus the coulombic repulsions
between them. The concentration of buffer salts such as
ammonium acetate, NH4Ac, generally used in millimo-
lar concentrations, is much higher than the H3O
 con-
centration produced by the electrolysis. Therefore, the
charges on the surface will be predominantly attribut-
able to NH4
 ions because of exchange of cations in
solution and the surface. Rapid droplet evaporation at
constant charge leads to droplet instability and fission
when the droplet radius R comes close to a critical value
given by the Rayleigh stability limit
Rayleigh Stability limit: ZRS  (oR
3)0.58/e (1)
where ZRS is the number of elementary charges at the
surface of the droplets, R is the droplet radius,  
surface tension, o  the electrical permeability of
vacuum, and e is the elementary charge. The fission,
which is generally asymmetric, leads to release of
several small (offspring) droplets that carry off some 2%
of the (parent) droplet volume and some 15–20% of the
parent charge [13]. The measurements by Gomez and
Tang [13] were made with solvents that evaporate
slowly so that the droplets are more easily observed.
More relevant are the recent determinations by
Beauchamp and coworkers [14, 15] with the rapidly
evaporating solvents, water, methanol, and acetonitrile
[14], used in ESI. The droplet fission does not occur
exactly at the Rayleigh stability limit for all solvents.
Thus, water droplet fission at some 90% of the limit and
immediately after the fission the parent droplets are at
about 70% of the limit while methanol and acetonitrile
fission is closer to the stability limit [14].
Since solvents in which water is the major compo-nent are most often used to produce nondenatured
proteins, we restrict our discussion to nanospray and
water as solvent. Evaporation of the parent droplet after
the first fission leads to subsequent fissions producing
successive litters of first generation offspring droplets.
With nanospray the initial parent droplet size is already
very small so that the first generation offspring have
radii that are in the 30–10 nm range. (For source of
numerical data see Results and Discussion). Small ions
are expected to be produced in the gas phase by the ion
evaporation mechanism (IEM) when the droplets reach
a radius in the neighborhood of 10–5 nm. The excess
ions at the droplet surface begin to continually “evap-
orate” from the droplet as the droplet radius decreases
by solvent evaporation [7]. The IEM process is sup-
ported also by recent results of computer modeling of
clusters of water molecules charged by excess ions [10].
These results indicate processes that resemble quite
closely IEM, however additional interesting insights are
provided also.
The macro ions, such as the folded proteins, are
produced from very small droplets by the charge resi-
due model (CRM). The radius of the droplets decreases
because of solvent evaporation until it reaches the size
of the protein. The charge due to small ions at the
surface of the droplet “lands” on the protein and leads
to the charging of the protein. The major evidence for
the validity of CRM was provided by de la Mora [8]
who showed that the great majority of folded proteins
observed under conventional ESI conditions had charge
states where the charge was close to the Rayleigh limit
evaluated with eq 1 when a radius R equal to the radius
of the protein was used. This approximate equality is
expected because the charge of the droplets stays at all
times close to the Rayleigh charge. For example, the
observations of Beauchamp and coworkers [14] quoted
above, show that charged water droplets stay mostly
within 90–70 % of the Rayleigh Charge.
Work from this laboratory [16–18] extended the
CRM for proteins by examining how the charge of the
small ions at the surface of the droplet is transferred to
the protein. When ammonium acetate is used, the
charges landing on the protein will be predominantly
NH4
 ions. These lead to charging by adding themselves
to residues at the surface of the protein. In the clean up
stage, the adducts dissociate by release of NH3 [18].
The Titration Method
An aqueous solution of the protein P and the ligand L at
given initial concentrations, which has reached equilib-
rium, is sprayed. Nano spray is used most often and in
most applications the ligand is a protein inhibitor. The
Ion intensities IP, IL, and IPL are determined. The
titration method is based on the following assumptions.
The association constant between the protein P and the
ligand L in solution
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KA  [PL]/[P][L] (2b)
is replaced by
KA  tPLIPL/tPIptLIL (2c)
where the assumption is made that the observed inten-
sities I, are proportional to the concentrations in the
solution at equilibrium. The proportionality constant tX
is called the transfer coefficient of X.
[P]  tPIP [L]  tLIL [PL] tPLIPL (2d)
The formation of the charged proteins in the gas phase
by CRM as well as instrumental factors in the interface
to the mass analysis can introduce errors in the deter-
mination of KA by the titration method. These are given
in Results and Discussion. The theoretical methods and
experimental determinations are given in Calculations
and Experimental.
Calculations and Experimental
Calculations
Droplet histories. The calculations are based on obser-
vations by Beauchamp and coworkers [14, 15]. These
show that on the average the charged water droplets
fission when the number of charges Z  0.9 ZRS and
that the droplet after the fission has a charge Z  0.7
ZRS. The value of ZRS is given in eq 1. We assume that
the offspring droplets when formed by the fission will
have charges of 0.7 ZRS and will fission at 0.9 ZRS.
Calling 0.7  p and 0.9  q and using eq 1 it is easy to
show that
(V1q/V0p)
1/2  p/q (2e)
where V0P is the volume of the droplet before the
evaporation when its charge was given by p ZRS and
V1q is the volume after the evaporation that leads to the
first fission at a charge q ZRS. Eq 2e leads to the result
that some 40 % of the volume must be lost by evapo-
ration before the water droplet fissions.
Eq 2e is also used to predict how many offspring
droplets will be formed by the fission. Following the
observation of Gomez and Tang [13] that some 2% of
the volume of the parent is lost on fission and using also
the accepted condition that for larger droplets the
charge is constant during the droplet evaporation, one
obtains,
n  p ( 0.02/n)1/2  (q  (0.981/2  p) (2f)
where n is the number of offspring droplets. Solving eq
2f for n one obtains n  4.37. For the droplet historieswe used n  4.
When the charged droplets reach a radius of 90 Å,
it is expected that they begin to loose charge by evap-
oration of the small ions at the droplet surface. From
this point on their charge is controlled not by the
Rayleigh limit but by the ion evaporation. As in previ-
ous work [17, 18] we assume that the droplet charge
stays at Z  0.8 ZRS.
Reaction Rates of P  L  PL, in Evaporating
Droplets
Calculation of the change in the protein concentration in
nanospray droplets due to solvent evaporation and protein
reaction with a ligand. Since the forward rate constants
kf for protein P, ligand L reactions are available in the
literature, the reaction P  L  PL is used to determine
the increase of protein and PL concentration as a
function of droplet evaporation time t. Furthermore, we
assume for simplicity that equal initial concentrations of
P and L were used, such that the concentrations of
unreacted P and L before the evaporation can be
represented by [P]  [L]  Ao.
The concentration change due to evaporation is
given by
At 
Aoro
3
rt
3 (2e)
where ro is the initial droplet radius and rt can be
obtained from
rt  (r0
2 
1
4
st)1/2 (2f)
Eq 2f is a rearranged form of eq 2 given in Beauchamp
and coworkers [15]. Combining eqs 2e and 2f one
obtains eq 2g
At  A0r0
3(r0
2 
1
4
st)3/2 (2g)
where t is time and the value of s for water at 317 K is
taken from Beauchamp [14, 15]. The concentration A(t)
with time due to evaporation and the forward reaction
can then be determined by successive integrations of eq
2h.
A2(t)   (kf A12  38 Aoro3s
(ro
2 
1
4
st)5/2
) dt (2h)
The second term of eq 2h is obtained by differentation
of 2g with time.
A2(t) can be determined by using A1(t) as an initial
guess and then A2(t) can be used as a better guess to
determine A (t). Since the concentration change due to3
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change due to reaction, there is little coupling between
the two terms and A2(t) and A3(t) are almost identical,
i.e., convergence is very rapid. A3(t) was used in the
plots which show %(A1(t)-A3(t))/A1(t)  %(moles(Ao)-
moles(A3(t))/moles(Ao). For comparison %(A1(t)-E(t))/
A1(t) is shown where E(t) is the protein change solely
due to reaction, i.e., no solvent evaporation.
Calculation of the dissociation energy of ammonium ace-
tate. The calculations were performed with DFT,
B3LYP/6-311  G(d,p). The electronic energies (kcal/
mol) for the reactions:
CH3COOH-NH3  CH3COOH  NH3, E  11.2
CH3COOH-NH3  CH3COO
  NH4
, E  151.8
CH3COOH-NH3  CH3COO
 NH4
, E  11.9
were obtained. The very low dissociation energy, 11. 2
kcal/mol, illustrates that the thermal dissociation will
be very facile and require temperatures just above
25 °C. The results show that the lowest energy structure
for the complex between ammonia and acetic acid is the
hydrogen bonded complex between ammonia and ace-
tic acid and not the ion pair consisting an ammonium
ion and an acetate ion. An attempt to produce the ion
pair is illustrated in the third reaction. The value, 11.9
kcal/mol, obtained for the third reaction involves the
product where the two H atoms between N and the two
O atoms have the same distance to N. That product
could be viewed as an ion pair complex structure. While
CH3COOH-NH3 is the most stable structure of the
ammonium acetate molecule, this may not be the case
for larger aggregates (CH3COOH-NH3)n. At higher
values of n one could expect a shift to ionic structures.
Determination of residence time t of protein complex in the
transfer capillary. The Mariner TOF used, see below,
utilizes a transfer capillary of length L  2.2 cm, whose
inside radius was determined with a microscope as R
0.0268 cm. The volume per second that enters the
vacuum of the interface region was determined by
attaching a calibrated gas flow meter with a short
length of tubing to the entrance end of the capillary. The
flow rate of air (ambient pressure 700 torr and 28 °C
temperature) through the capillary was, V/s 10.8 cm3
s1. Using V/s  v  R2 the average velocity of the gas,
v  4.8 cm/s is obtained. The residence time of the gas
in the capillary is then t  L/v  0. 5 ms. Constant
pressure and volume with time in the capillary was
assumed. It should be noted that the flow regime is
laminar over most of the length of the capillary and in
this region, the pressure drop is very small. The very
fast flow leading to the adiabatic gas expansion into the
vacuum of the interface occurs only in the last few mm
of the capillary [19]. It is also assumed that the protein
travels with the same velocity as the gas, an assumption
that is justified in the laminar flow region. Values for t
at higher temperatures of the capillary can be deduced
from the determination at room temperature T 300 K.tT  t300 (300/T)
0.5 (3a)
The correction takes into account the change of viscosity
and the increase of gas volume with temperature. The
viscosity increases with T0.5, the Volume increases with
T. The combined effect is shown in 3a. The lifetime  of
a first order reaction with rate constant k is defined in
eqs 3b and 3c
  1/k (3b)
k  AeEA/RT (3c)
where EA is the activation energy and A the preexpo-
nential factor. Setting  tT one obtains after rearrange-
ment
EA RT( lntT  lnA) (3d)
A combination of eqs 3a, 3b, and 3c allows the calcula-
tion of EA and A that lead to a decomposition of a
complex with a decomposition lifetime  equal to the
time that the complex spends in the capillary, see
Results and Discussion.
Experimental
Measurements of relative transfer coefficients for different
proteins. A mixture of lysozyme and a second protein
was prepared by diluting an aliquot of the stock solu-
tions using ammonium acetate solution to give a con-
centration of 5 106 M in lysozyme, 5 106 M of the
second protein, and 2  103 M in ammonium acetate.
Of this solution, 10 l was placed in an aluminosilicate
capillary tip (0.68 mm i.d.) that was pulled using a
Sutter Instrument, Model P-97 micropipette puller. The
capillary tip in turn was mounted in a Protana holder
(Proxeon Biosystems A/S, Odense, Denmark). The elec-
trospray voltage, between 800 and 1000 V, was applied
to a platinum wire inserted inside the capillary. Three
measurements, using different spray capillaries, were
made. For each measurement between 30 and 60 spectra
of 3 s each, were averaged. The peakheights of all
charge states were determined for both proteins. Using
these peakheights the ratio of the sum of the peak-
heights of the protein versus the sum of the peakheights
of lysozyme was calculated. The average of the three
measurements for each protein/lysozyme pair is re-
ported in Table 1.
Chemicals
Ubiquitin (bovine red blood cells), lysozyme (chicken
egg white), cytochrome c (horse heart), bradykinin,
ribonuclease A (bovine pancreas, Type I-A), and pepsin
(porcine stomach) were purchased from Sigma (St.
Louis, MO) and used without further purification. A
stock solution was prepared using deionized water, and
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ammonium acetate were obtained from Anachemia
(Montreal, QC, Canada).
Mass Spectrometry
A Mariner Biospectrometry workstation (TOF, PerSep-
tive Biosystems, Framingham, MA) was used for these
studies. A laboratory-built adaptor for the Protana
holder was mounted on the Mariner workstation. The
nanospray tips were positioned 1–2 mm from the
sampling capillary. For the transfer coefficients the
capillary was operated at a temperature of 75 °C. A
counter flow of nitrogen (curtain gas) with a flow rate of
2.0–2.2 l min1 was applied. The analyzer pressure was
2.1 106 torr at an interface pressure of 6.1 102 torr
(1 torr  133.3 Pa). A constant CAD/nozzle voltage of
160 V was used.
Results and Discussion
Relative Transfer Coefficients
Transfer coefficients, t, relative to lysozyme in aqueous
solution with ammonium acetate buffer salt were de-
termined for six proteins, see Experimental, and are
shown in Table 1.
The low mass bradykinin and ubiquitin are seen to
have much higher coefficients than cytochrome c, ribo-
nuclease, and lysozyme whose coefficients are of the
same order of magnitude as is also their mass. This
suggests a dependence of mass, which may be of
instrumental origin. For example, a counter flow of
curtain gas N2 is applied at the entrance to the transfer
capillary in the Mariner TOF used in this work, see
Experimental. This counter flow may be discriminating
against ions with low mobility by partially preventing
their entrance into the transfer capillary. However the
ion mobility of lysozyme is only 25% lower than that of
bradykinin (mobility values attributable to Valentine, S.
and Clemmer, D., private communication). Such a small
difference is not too likely to lead to the very large ion
sensitivities ratio of 255, see Table 1. The very high
intensity of bradykinin could also attributed to the ESI
mechanism. Bradykinin, being very small, could be
produced, not by CRM, but by the ion evaporation
model IEM. However, with the present state of knowl-
edge this can not be proven.
Table 1. Transfer coefficienta : t
MWa Protein t
1060 Bradykin 255
8565 Ubiquitin 5
12360 Cytochrome C 0.6
13690 Ribonuclease 0.4
14306 Lysozyme 1
34600 Pepsin 0.0
aTransfer Coefficients determined experimentally, see Calculations and
Experimental Section. Molecular mass in Dalton.Pepsin was included in the table to illustrate that
some proteins can have coefficients close to zero. For
pepsin this is due to the charging mechanism. Pepsin
has only two basic residues and these are located at the
surface of the protein. According to the mechanism [18],
when ammonium acetate is used as the buffer salt, the
maximum charge is expected to be Z  2. A search of
the m/z  17,300 region was made but no peaks could
be found. However this does not mean that the charge
state was absent. It is very difficult to maximize condi-
tions when no signal is visible.
Due to the uncertainty of the values of the transfer
coefficients and their changes with experimental condi-
tions, the best strategy for the titration method is to use
only the ratio
R  [PL]/[P] IPL/IP (4a)
tPL  tP (4b)
The assumption (eq 4b) being justified because when L
is much smaller than P, as is generally the case, one
expects that the coefficients will be close to equal. This
ratio method [6] is in fact being used in most of the
recent applications of the titration method.
Does the Association Equilibrium Shift
to Higher Yields for the PL Complex Because
of the Concentration Increase
in the Evaporating Droplets?
Very large increases of the concentration of the reac-
tants in reaction eq 2, are expected because of the
evaporation of solvent from the droplets that are pro-
duced by the spray capillary (needle). An increase of
concentration of the reactants will lead to higher yield
of the product PL, provided that the relaxation rate of
the equilibrium eq 2 is not much slower than the
evaporation rate of the droplets. The total droplet
evaporation time can be obtained from droplet evolu-
tion histories.
Droplet histories were published in early work on
the mechanism of electrospray [20]. These were based
on the early results of Gomez and Tang [13], which
predicted that droplet fission occurs at the Rayleigh
limit and the litter of offspring droplets takes away
some 2% of the mass (volume) and 15% of the charge of
the parent droplet. For the present work, the more
recent and relevant results by Beauchamp and cowork-
ers [14, 15] obtained with water as solvent were used
(see Figure 7 in Beauchamp [14]). Unfortunately, these
authors were not able to observe by how much the
parent droplet volume shrank after the fission, except
that the loss of volume was very small. For the loss of
volume we use the 2% of Gomez and Tang. The
observation [14] that the parent droplet was in the
average at 90% of the Rayleigh limit when it fissioned
and at 70% of the limit after the fission was used in the
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droplets when formed by the fission, were also at 70%
of the Rayleigh limit. The apparatus [14] was suitable
only for rather large droplets down to some 5 m
radius, while the droplets produced by nanospray are
much smaller. Smaller droplets with radii down to 0.5
m have been observed by Vertes and coworkers [21],
who also used doppler phase shift measurements. Un-
fortunately they were not observing single droplets and
could also not determine the charge of the droplet. The
equation used by Beauchamp and coworkers [14] for
droplet evaporation rates (see eq 3) in N2 ambient gas at
317 K temperature (Figure 7 in [14]) were used to obtain
the droplet evaporation rates. For more details on the
calculations, see Calculations and Experimental.
Shown in Figure 1 are some representative results of
the droplet history calculations. The initial droplet
formed at the Taylor cone of the nanospray capillary
was assumed to have a radius R  0.15 m, a value
expected for nanospray at flow rates of 35 nL/min. The
time required for each evaporation event is also given.
The results in Figure 1 show that the time between
fissions, even for the relatively big initial parent droplet,
is very short, only some 8 s, and the times for further
fissions of the parent are shorter.
Using the droplet radii one evaluates that some 40%
of the volume of the droplet is lost between fissions. On
the other hand the volume lost due to the fission is only
2%, i.e., negligible. The very large volume loss leads to
rapid increase of the solute concentration. The initial
Figure 1. Droplet histories for charged water d
one of the droplets produced at the spray tip. Thi
fission events. The first generation droplets are s
second generation offspring droplets. Data showconcentrations of the solutes in the solution were taken
as [P]  [L]  10 M. The concentration of the buffer
salt is 2 mM. In the calculations the parent droplet was
followed over some 15 fissions. At this point, due to
extensive evaporation, the droplet has become essen-
tially a solid and any proteins present in the droplet are
entombed in this solid buffer salt cluster. Therefore, the
protein P and complex PL that would be detected in the
mass spectrum must originate from the first and second
generation of offspring droplets. A second generation
droplet is shown at the bottom right of Figure 1. As can
be seen, the evaporation time leading to the fission of a
first generation offspring that leads to second genera-
tion offspring droplets is in the 1 s range.
For the evaluation of the relaxation time of the
equilibrium, reaction 2, we consider only the forward
reaction: P  L  PL whose rate constant is kf. If that
reaction is too slow so that only insignificant amounts
of PL are formed, then the titration method will not lead
to too high KA values. This approach has some advan-
tages. The kf rate constants for specific protein-ligand
compexes are known to be close to the diffusion limited
rates. The diffusion limited rates depend strongly on
the size of the reactants. Because the ligand in nearly all
applications of the titration method is very much
smaller than the protein, the diffusion rate of the ligand
is very much higher than that of the protein and the
total diffusion rate kf is essentially equal to that of the
ligand. This allows a generalization of the predictions of
the present calculations to any protein and to the
ets produced by nanospray. The first droplet is
ent droplet is followed for three evaporation and
n as well as the fission of one of these to lead to
ed on experimental results [14] and calculations.ropl
s par
how
n bas
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smaller the kf. For some illustrative data on kf values see
Tinoko et al. [22]. It may be noted that the actual kf
values are slightly lower than the diffusion rates. This is
because not all ligands diffusing to the solvent “cage”
that contains the protein manage to find the specific
binding site of the protein before they diffuse out of the
cage [23]. We have chosen values for kf  10
6 and 105
M1s1. These correspond to ligands of medium size
such as  erythrohydroxy aspartate (see Table 7.5 of
Tinoko et al. [22]).
The results of the calculations are given in Figures 2,
and 3. Because of the concentration increase due to the
evaporation and the formation of the product PL due to
Figure 2. Formation of PL product with time t, due to forward
reaction: P  L  PL. A corresponds to concentration of product
PL. Solid line gives percent product with time due to forward
reaction at increasing concentration in the droplets due to solvent
evaporation. Dashed line gives forward reaction that would have
occurred in the absence of concentration increase due to evapora-
tion. Noticeable deviations between the two curves are observed
only after some 20 s. But even then, the percent PL formed after
some 30 s is still very small, less than 0.02%. Ambient gas at
atmospheric pressure and 317 K temperature. Rate constant used:
kf 1  10
5 M1 s1. Initial concentration [P]  [L]  10 M.
Figure 3. Same as in Figure 2 but with a rate constant: kf  1 
106 M1 s1. Percent of product PL increases a little faster but the
percent yield of PL formed due to evaporation is still very small
after 30 s.the forward reaction with time, the integration required
to obtain the total [PL] increase with time is more
complicated. It was done by numerical methods, see
section: Reaction rates of P  L in evaporating droplets,
in Calculations and Experimental, which gives also
other details. The results in Figures 2, and 3 show that
the percent of protein reacted is totally negligible for
reaction times less than 25 s for both kf  10
5 and 106
M1 s1. Furthermore, the results do not take into
account the rates of the reverse reaction PL P L that
also increase with the rising concentration of PL. Thus
the results predict the worst possible outcome.
On the basis of these results one can conclude that
due to the very rapid evaporation of the droplets, an
error of the titration method attributable to an equilib-
rium shift is not expected, as long as the ligands are not
too small. These results are valid only for nanospray.
For conventional electrospray, the chances for an equi-
librium shift are considerably higher, because of the
larger initial droplets and resulting longer droplet evap-
oration time and higher concentrations.
Errors of Titration Method Due to Presence
of Both One Unreacted P and One Unreacted L
in the Same Final Droplet
The droplet histories described in the preceding section
(see also Figure 1), can be used to obtain predictions of
the fraction of unreacted protein P and ligand L that
enter the same final droplet whose evaporation leads to
gas phase ions. By unreacted P and L we mean those P
and L that are on the left side of the equilibrium: P  L
 PL, present in the solution that was sprayed. It was
shown in the preceding section that the position of that
equilibrium is probably the same also in the droplets.
For the titration method to work, it would be desirable
that no unreacted P and L enter the same final droplet
because on evaporation of the droplet on a PL adduct
may form which, if stable, will be detected in the mass
spectrum. If this is a probable process, then the KA
obtained from the spectra will be higher than the true
value.
In the following discussion we will first assume that
the solute ( P, L, PL, buffer salt) partition by volume of
the solution when a Rayleigh fission occurs. That means
that if the parent droplet loses 2% of volume in the
fission, then the offspring droplets will carry off not
only 2% of the solvent but also 2% of the solutes. A
second possibility where the protein enters preferen-
tially the offspring droplets will be considered later.
Results from the droplet history calculations are sum-
marized in Schemes 1 and 2. The “left over” P and L are
reactant P and L that at equilibrium did not form PL.
The major contribution to the gas phase P and PL
ions is expected to be due to ions originating from the
first generation of offspring droplets, see Scheme 1. The
model predicts that in the average there will be 1.3
molecules unreacted P and L, per droplet. For lower
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lets, some 0.3 molecules of unreacted P and L will be
present in the final droplet, Scheme 2. When P and L are
in the same droplet, the evaporation of the droplet
might lead to an nonspecific complex. In such a case the
titration method will lead to KA values that are far too
high.
However, this assumption is not necessarily justi-
fied. The evaporation time of the final droplet is less
than 1 s. Therefore, it is likely that most of the L
molecules landing on the protein will not have time to
find the specific binding site and will interact with the
particular patch of the surface that they landed on. This
will lead to nonspecific complexes that will in general
have much weaker bonding to the protein than the
specific complex has. These nonspecific complexes
might not survive the clean up stage in the heated
transfer capillary and the CAD stage past the first cone
electrode in the interface to the mass spectrometer. The
binding energies required for survival of complexes in
the heated capillary are discussed in the next section.
Survival of the specific complexes and the dissociation
of the nonspecific complexes is required for the titration
method to work.
The assumed partitioning by volume may not be
completely valid. As proposed in Verkerk et al. [18]
protonated basic residues of the protein can become
part of the surface charge of the droplet. When more
than one protonated residue becomes attached to the
droplet surface, the protein may be able to enter the
offspring droplets preferentially because charges enter
the offspring at a higher proportion than solution
volume (see results of Gomez and Tang [13] and text
below eq 1). Such preferential transfer of P and PL will
Nanospray: Flow rate: 35 nanoliter/
Assumed “Left Over” [P]LO  [L]L
PARENT
Saturates aft
Only 20% of P, L, B
1ST GENERAT
19% of P, L, B enter droplet
Number of solute mole
P  L  1.3 molecule
2ND GENERAT
1% P, L, B enter droplets
Number of solute mole
P  L  0.01 molecule
Sc
Comparison at different flow rates:
35nL/min R0  0.25 m 10nL/min R0  0.15 m
1ST GENERATION OFFSPRINGS
Number of molecules per average droplet:
P  L  1.3 P  L  0.33
2ND GENERATION OFFSPRINGS
Number of molecules per average droplet:
P  L  0.01 P  L  0.0014
Scheme 2reduce the formation of accidental complexes only if L
is not as effective in becoming part of the surface
charge. Karas and coworkers [24], in an interesting and
informative study, have proposed a mechanism that
predicts a preferential transfer of protein and the pro-
tein complex to the offspring droplets (see Figure 5 in
[24]). The protein that has become part of the charge at
the surface of the parent droplet causes a distortion of
the droplet surface that triggers fission leading to
formation of an offspring droplet with the protein
inside it. The authors [24] do not comment on the size of
the offspring droplet produced. Because of the findings
of de la Mora [8] in favor of CRM, the offspring
containing the protein would be expected to be consid-
erably bigger than the protein so that the droplet after
shrinkage by evaporation comes close the Rayleigh
charge, before all the solvent is gone. Even with this
larger volume, the proposed mechanism [24], if correct,
will lead to a great reduction of the number of final
droplets with P and L in the same droplet.
Because it is not known whether the proposal [24] is
correct and because there still will be solutes, such as
the buffer salt in the final droplet, it is important to
examine the conditions in the clean up stages that
would lead to dissociation of the accidental complexes.
Thermal Dissociation in the Heated Transfer
Capillary
Estimates of binding energies of complexes that will or will
not decompose. Thermal dissociation in the heated
transfer capillary is of importance for three reasons: (1)
Specific complexes should not dissociate because they
are more strongly bonded. (2) Non-specific complexes
should dissociate because they are expected to be more
weakly bonded. (3) Any other adducts due to buffer salt
or other solutes present should dissociate because this
would lead to cleaner spectra. This means that buffer
salts that bond strongly to the protein should be
avoided.
Not in all cases can these requirements be met.
Requirement (1) is not met in cases when the bonding of
the complex in the gas phase is weak even though the
K in solution is quite high. Specific complexes with a
Radius of droplets, R0  0.25 m
05 M Buffer [B]  103 M
OPLET:
-13 Fissions
Offspring Droplets
OFFSPRINGS
remain until near dryness
s per average droplet:
B  130 molecules
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form relatively strongly associated complexes in solu-
tion. Work of Robinson and coworkers [25] reports such
a case. The protein is recombinant ACBP and the ligand
CoA. The ligand has a hydrophobic H(CH2)n chain. In
the complex, that chain is tucked away into the protein
and engaged in hydrophobic interactions with hydro-
phobic groups of the protein. Under the conditions used
[25] it was known that practically all P and L have
reacted to form PL in the solution. However, the mass
spectra show the complex as a very minor product. The
authors [25] conclude that complexes in which hydro-
phobic interactions are an important component of the
bonding are not reproduced correctly by ESIMS deter-
minations. We suggest the following explanation for
this important finding. In aqueous solution, stabiliza-
tion by solvation is not present for the hydrophobic part
of the ligand and for the solvent exposed hydrophobic
sites of the separated P and L. When the complex forms,
the solvation of the complex is now very efficient
because the complex shows mostly hydrophilic groups
at its surface. In addition the complex is now also
bonded by the hydrophobic interactions. This results in
a stable complex in the solution.
In the gas phase, where solvation effects are not
present, only the hydrophobic interactions contribute to
the stability of the complex. In the gas phase the
hydrophobic bonding is weaker than the noncovalent
hydrogen bonds. Especially the ionic hydrogen bonds
are much stronger in the gas phase than in solution. The
absence of such bonds in the hydrophobic complex
leads to relatively weak bonding of the complex in the
gas phase and facile decomposition in the heated cap-
illary and the CAD region of the mass spectrometer
interface. Weak bonding of complexes in the gas phase
that involve significant hydrophobic interaction in so-
lution also has been reported in other studies such as
the detailed study for carbonic anhydrase inhibitor
bonding by Smith and coworkers [26] and the very
recent work by McLafferty and coworkers [27].
A special and most important class of protein-pro-
tein noncovalent complexes are the protein assemblies.
These probably also involve significant hydrophobic
bonding. Salt bridges are also involved in the bonding
and one might suppose that the salt bridges will lead to
strong bonding in the gas phase. However, this is not
the case (see section on Calculations and Experimental).
Using ammonium acetate as a model of a salt bridge,
one finds that the dissociation energy to NH3 and acetic
acid is only some 11 kcal/mol. Models where instead of
ammonium an alkyl ammonium group such as n-
butylammonium is present, which model the proton-
ated side chain of lysine bonding to an acetate group,
are expected to give higher but still relatively low
dissociation energies. Therefore one might expect that
the protein assemblies will be endangered in the clean
up stages and survive intact only if treated gently. This
requirement has been one of the important messages in
the experimental findings by Robinson and coworkers.Requirements (1) and (2) can not be met when the
bonding of the nonspecific complex in the gas phase is
stronger than that of the specific complex. Such a case
was reported by Klassen and coworkers [28] for a
protein- carbohydrate complex. The results were based
on experiments with FTICR and thermal activation by
blackbody infrared radiative dissociation (BIRD) which
allow the determination of the rate constants k, the
preexponential factor A and the activation energy EA
for the thermal dissociation. The results also indicated
that the strong nonspecific complex is stabilized by a
strong hydrogen bond interaction involving a proton-
ated residue of the ligand [28]. Such strong, ionic
hydrogen bonds can be formed only in the gas phase,
where stabilization of the protonated residue by solva-
tion is not present. The observed [28] reversal of stabil-
ity in the gas phase is probably not frequent, because
the protonated residues are readily stabilized by neigh-
boring polar groups like the CO group of nearby
backbone peptide [18]. Such internal solvation will
reduce the chances for the formation of strong bonding
in accidental complexes. Therefore, the formation of
such complexes [28] is probably more often the excep-
tion than the rule.
Klassen and coworkers [29, 30] have determined the
rate constants, k, the pre- exponential factors, A, and
activation energies, EA, for the decomposition of sev-
eral other, specific protein-carbohydrate complexes.
These show values of A  1018 to 1028 s1, with
corresponding activation energies EA 33,4–55,3 kcal/
mol. The high A factors are highly unusual in unimo-
lecular decomposition of small compounds. Thus, dis-
sociations in which only one bond is broken, have A
values in the 1015–1016 s1 range [31]. However, the
authors [29, 30] point out that high A values can be
expected because the bonding in the protein complexes
involves two, three, or more hydrogen bonds and their
dissociation leads to the release of many more internal
degrees of freedom than is the case for simple dissoci-
ation. In such cases the entropy of the transition state is
high and results in high A factors.
Table 2 gives values of EA and corresponding A
Table 2. Activation energies that will lead to decomposition in
heated transfer capillarya
T(K) A(s1) 308 323 373 423
1015 16.6 17.4 20.0 22.6
1018 20.5 21.8 25.1 28.5
1020 23.7 24.8 28.6 32.4
1025 30.8 32.6 37.2 42.1
1028 35.1 36.7 42.4 48.0
aThe activation energies EA (kcal/mol) are given in the table for different
temperatures in the heated transfer capillary and different preexponen-
tial factors, A(s1), of the rate constant k, for the decomposition.
Complexes with EA values higher than those in the table will not
decompose. The results were evaluated for residence times in the
heated capillary present in the Mariner instrument used in this work.
Details are given in the Calculations and Experimental section: Deter-
mination of residence time t of protein complexes in the transfer
capillary.
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different temperatures of the capillary. Comparing the
activation energies EA and the preexponential factors A
in Table 2 with the values for the protein complexes in
[29, 30] one finds that all the complexes would have
survived the passage through the capillary, even for
capillary temperatures as high as 423 K (150 °C), which
is a rather high temperature to use. With the Mariner
TOF already some 35 °C are sufficient for the cleanup of
adducts that are not specific protein ligands. However,
it should be noted that this temperature as well as the
temperatures given in Table 2 are approximate. The
arrangement in the Mariner instrument includes a ni-
trogen counter current flow that is also heated by the
same heater as the transfer capillary. This creates a
heated zone between the spray capillary tip and the
entrance of the transfer capillary and the temperature in
that region is not exactly known. A modification de-
signed to lead to much better control of the temperature
regimes and much better suited for more quantitative
thermal dissociation studies of processes in the transfer
capillary has been reported by Karas and coworkers [32].
It would be desirable to provide exact predictions
whether conditions in the interface can be found that
avoid decomposition of the specific complex and also
lead to removal undesirable adducts, such as buffer
salts, buffer ions, and non-specific complexes. For the
titration method, it would be even more convenient to
provide the range of association constant KA values in
solution for which the titration method is expected to
work. Unfortunately, at this time this is not possible. (1)
The conditions in both clean up devices, the heated
transfer capillary, see above, and the CAD region, are
poorly defined in the instruments used for ESIMS. In
the CAD region the electric field distribution is fairly
complex and the pressure changes of the expanding gas
which acts as the collision and ion drift medium are
exceedingly complex. For these reasons, the variable
parameters in these regions, such as the temperature of
the transfer capillary and its surroundings and the
potential drop between the capillary orifice and the
skimmer electrode, are adjusted empirically to achieve
a clean up of the protein. (2) The prediction of the KA
range, which is suitable for the titration method, faces
additional difficulties. To provide such predictions, one
needs to obtain the activation energy EA and the
preexponential factor A, for the decomposition of the
complex in the gas phase. Even if the value for the rate
constant kr, in solution, and the corresponding preex-
ponential factor A and activation energy EA are known,
the evaluation of the corresponding constants in the gas
phase would still be extremely difficult. Some changes
of structure of the complex from solution to the gas
phase are expected. Even if the gas phase structure were
known, the evaluation of EA and A in the gas phase
would still be very difficult, with presently available
theoretical methods.
However, empirical relationships between the values
of K for a given class of complexes and the experimen-Atal parameters that need to be used to avoid the
dissociation of the complex such as: high KA leads to
high EA, leads to survival at higher temperature, are
expected and are probably practiced.
Conclusions
The titration method can provide reliable values for the
association constant KA of many protein P, ligand L
complexes PL.
Approximate proportionality between the concentra-
tions of P, L, and PL and the respective ion intensities
observed in the mass spectrum is present. However the
actual determination of the proportionality (transfer)
coefficients can be difficult and the best approach for
the determination of KA is to use only the intensity ratio
IPL/IP for the concentration ratio of [PL]/[P] in the
solution. The transfer coefficients for PL and P are
expected to be essentially the same when L is small.
Because the P and PL ions are produced from very
small charged droplets which are the result of extensive
evaporation of the charged droplets formed at the ESI
spray tip, a large increase of solute concentration has
occurred. Such an increase of concentration will shift
the equilibrium in solution: P  L  PL towards more
PL product. However the total time for the evolution to
the final droplets is very short, particularly with nano-
spray. The kinetic rate of the equilibrium shift is gen-
erally much slower than the evaporation rate. There-
fore, an equilibrium shift that would have led to KA
values that were too high is not expected, particularly
when large ligands L, with correspondingly small dif-
fusion coefficients, are used.
The high concentration of solute in the final droplet
can lead to the presence of both a molecule of unreacted
P and of L being in the same droplet. This results in
formation of PL on evaporation of the droplet. However
it is expected that most of these complexes will be
accidental and not specific. The accidental complexes
will have lower bond energies in the gas phase than the
specific complexes and can be made to decompose in
the clean up stages in the heated transfer capillary or the
CAD region of the interface to the mass spectrometer.
Cases have been reported where the accidental com-
plexes are strongly bonded. In these cases the titration
method will lead to KA values that are too high.
Complexes where the bond in solution involves a
significant hydrophobic component have high KA val-
ues in solution, but low bond strength in the gas phase.
Such complexes will readily decompose in the clean up
stages and lead to values of KA that are too low.
Reducing the temperature of the transfer capillary or
the CAD potential may not always solve the problem,
because of other problems to which this can lead.
Accidental PL complexes and accidental protein dimers
and other adducts might also survive the milder condi-
tions. The accidental complexes will lead to KA values
that are too high while the dimmers and other adducts
will lead to more complicated mass spectra. The very
1434 PESCHKE ET AL. J Am Soc Mass Spectrom 2004, 15, 1424–1434important protein assemblies also fall in the class of
complexes that have relatively weak bonding in the gas
phase and need special attention if they are to survive in
the clean up stages.
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